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Abstract Internal curing of mortar through superabsorbent polymer hydrogels is explored
as a solution to self-desiccation. Four different hydrogels of poly(sodium-acrylate acrylamide) are synthesized and the impact of chemical composition on mortar is assessed with
relative humidity and autogenous shrinkage testing. The hydrogels are characterized with
swelling tests in different salt solutions and compression tests. Chemical composition affected both swelling kinetics and gel network size. Mortar containing these hydrogels had
increased relative humidity and markedly reduced autogenous shrinkage. Additionally, the
chemical structure of the hydrogels was found to signifcantly impact the mortar’s shrinkage. Hydrogels that quickly released most of their absorbed fuid were able to better reduce
autogenous shrinkage compared to hydrogels that retained fuid for longer periods (> 4
hours), although this performance was highly sensitive to total water content. The release of
absorbed water in hydrogels is most likely a function of both Laplace pressure of emptying
voids and chemically-linked osmotic pressure developing from an ion concentration gradient
between the hydrogels and cement pore solution. If the osmotic pressure is strong enough,
the hydrogels can disperse most of the absorbed water before the depercolation of capillary
porosity occurs, allowing the water to permeate the bulk of the mortar microstructure and
most effectively reduce self-desiccation and autogenous shrinkage.
Keywords internal curing · superabsorbent polymer · ion-hydrogel interactions ·
autogenous shrinkage · relative humidity

1 Introduction
The widespread use of concrete has made the emission of carbon dioxide and other greenhouse gases a concern for environmental sustainability. Solutions that engender a strong,
durable, and environmentally-friendly concrete are highly valuable to the industry. High
performance concrete (HPC) is engineered with a water-to-cement ratio of less than 0.42.
This low water content creates a strong, dense microstructure, and creates a reliable, robust
building material with less negative environmental impacts.[15, 36]
School of Materials Engineering, Purdue University,
West Lafayette, IN, USA,
Tel.: 765-494-4100, Fax: 765-494-1204

2

Matthew J. Krafcik, E-mail: mkrafcik@purdue.edu, Kendra A. Erk, E-mail: erk@purdue.edu

Although all concrete will experience a change in volume soon after placement due
to the natural settlement of aggregates, the low water content of HPC will result in additional shrinkage and cracking after the concrete has set. This autogenous shrinkage occurs
because all free water is consumed without complete hydration of the cement.[10, 19] The
unhydrated cement will attempt to absorb water from any available source, including the
water found in gel pores (10-50) nm in size. The removal of water from these very small
pores can create signifcant inward forces due to the Laplace pressure that develops, and
may cause early-age cracking if the concrete is restrained against forms, reinforcements, or
other concrete. Externally applied curing water can help offset some shrinkage, but the low
porosity of HPC can prevent water from diffusing far into the concrete, thus having only a
limited effect on reflling empty pores.[23,34,37]
One solution to the problem of autogenous shrinkage is to replace a portion of fne
aggregate with a highly porous lightweight aggregate (LWA) that is pre-soaked in water.
The water remains within the aggregate’s pore structure until capillary pressure from selfdesiccation becomes strong enough to cause desorption. This has been found to reduce autogenous shrinkage and decrease the permeability of concrete,[7, 11, 19, 21, 37] suggesting
that uniformly distributing curing water through the system has many benefts for the sustainability and durability of HPC.
Another method of internal curing that has recently been explored is the use of dry polymeric admixtures instead of pre-soaked LWA. These admixtures, also called hydrogels or
superabsorbent polymers (SAP) have been found to be very effective at eliminating autogenous shrinkage suffered by HPC.[19,20,21,34] Common polymers used are crosslinked
networks of polyacrylic acid and polyacrylamide, which can have the ability to absorb up
to 1500 times their dry weight in water.[14] The advantages to this method are that the fne
aggregate need not be replaced with a weaker material, relatively small amounts of polymer
can be used, and no pre-soaking is required. While up to 25% by volume of aggregate must
be replaced with pre-soaked lightweight aggregate that can only absorb 20% its mass in
water,[37] as little as 0.4% by volume of cement can be added as polymer.
In contrast to non-reactive aggregates, hydrogels may not be chemically inert. The ions
within cement pore solution (e.g. sodium, potassium, and calcium) may react with the hydrogels, potentially leading to undesirable effects on their performance. Most literature on
hydrogels for internal curing utilizes proprietary polymers where the exact chemical structure is unknown and it is only recently that researchers have explored ionic interactions
between cement and hydrogels. Previous work by our research group synthesized hydrogels
of various compositions and crosslinking densities and showed clearly that cations (Na+ ,
Ca2+ , Al3+ ) have negative impacts on hydrogel performance.[40] Compared to reverse osmosis water, aqueous solutions containing cations of any valency reduced the maximum
swelling ratio.
Initially, the concentration of ions within the hydrogel is much less than in the solution,
and this creates an osmotic pressure across the hydrogel interface. Water diffuses into the
hydrogel along with any ions that are present in solution, in order to equilibrate the chemical
potential across the hydrogel. For these particular hydrogels, the acrylic acid monomer contains carboxylic acid (COOH) groups that deprotonate in alkaline solutions and can absorb
signifcant amounts of water via ion-dipole interactions. However, these anionic moieties
will also attract cations if they are present in solution, which is from where the deswelling
effects manifest.
In the case of divalent and trivalent cations, hydrogels displayed a peak swelling ratio and then quickly deswelled to some equilibrium size. Furthermore, if the concentration
of aluminum ions was suffciently high, the hydrogels frst deswelled, then become more
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densely crosslinked, and fnally formed a mechanically stiff ionic shell. This shell prevented
any remaining water from leaving the hydrogel. It is believed that three main forces, Laplace
pressure, osmotic pressure, and electrostatic attraction, are all important factors that determine hydrogel swelling kinetics in cement pore solution.
Schröf, et. al.[34] showed similar deswelling of proprietary hydrogels in pore solution
that was believed to stem from the interaction of calcium ions and the anionic groups within
the hydrogel. Although they found that the degree of chemical crosslinking did not have any
macroscopic effects on mortar, the severity of hydrogel deswelling did. In the case where
the hydrogels quickly released all of their stored water, autogenous shrinkage was found to
be mitigated for shorter periods compared to hydrogels that did not quickly deswell. Both
research groups were able to show that the magnitude of deswelling in ionic solutions was
dependent on the amount of anionic groups that the hydrogels contained in their chemical
network.
In the present paper, we custom synthesize hydrogels with four different chemical compositions and examine the effects imparted to low water-to-cement ratio mortar through
autogenous shrinkage and relative humidity testing. We characterize the hydrogels with
swelling tests and compression testing to evaluate absorption and desorption behavior as
well as determine the gel network distance. Careful design of the hydrogel and mixing proportions can help elucidate connections between hydrogel chemical composition, interactions with pore solution, and bulk mortar performance.

2 Methods
2.1 Materials
The superabsorbent polymers in this study were created with acrylic acid monomer (AA)
and acrylamide (AM) monomer, crosslinked with N-N’-methylenebisacrylamide (MBAM).
The AA was partially neutralized with a solution of sodium hydroxide (NaOH). Two initiator solutions of sodium metabisulfate and sodium persulfate were used. All chemicals were
used as-received from Signal Aldrich with the exception of NaOH, which was manufactured by Macron. Reverse osmosis (RO) water with a total dissolved solid (TDS) content of
approximately 15 ppm was used as the solvent for polymer preparation and for all salt solutions. For the swelling study, 0.025 M salt solutions were prepared separately with sodium
chloride (Sigma Aldrich), anhydrous aluminum sulfate (Sigma-Aldrich), and calcium nitrate
4-hydrate (Mallinckrodt Chemicals). For the mortar and pore solution, ordinary Portland Cement Type I (ASTM C150-12[3]) supplied by Buzzi Unicem USA with a Blaine fneness
of 368 m2 /kg was used. The chemical composition of the cement is listed in Table 1.[25]
The water used was tap water that had been tempered to room temperature. Oven-dry natural river sand with a fneness modulus of 2.71, an apparent specifc gravity of 2.58, and an
absorption of 1.8% by mass was used. Glenium 3030 NS full-range water reducer (WRA)
manufactured by BASF was used.

2.2 Hydrogel Synthesis
The general recipe and exact proportions for polymer synthesis are listed in Table 2.[40]
Hydrogels were synthesized inside scintillation vials at room temperature. RO water, AA,
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Table 1 Chemical composition of Type I ordinary Portland cement listed in standard chemistry notation.
Data were obtained from the manufacturer’s mill certifcate.
Chemical
3CaO·SiO2
2CaO·SiO2
3CaO·Al2 O3
4CaO·Al2 O3 ·Fe2 O3
Total Eq. Alkali

%
58.2
12.3
7.0
10.0
0.72

and NaOH solution were added frst. This addition of sodium hydroxide neutralized the carboxyl groups on the AA and formed sodium acrylate. The solution was allowed to thermally
equilibrate for 10 minutes. AM and MBAM solution were then added to the vial. The solution was stirred for 10 minutes until all AM had dissolved. The two initiator solutions
were added simultaneously, the vial was capped, shaken vigorously, and left stirring until a
complete hydrogel had formed. Placing the vials in a thermal bath at 50◦ C guarantees that
gelation will occur within eight hours of mixing the chemicals. Once the gels had set, the
vials were broken, the gels were washed for 24 hours with RO water, cut into small segments
with a razor blade, dried in an oven for 12 hours at 100◦ C, and then ground to a fne powder
with a pestle and mortar.

Table 2 Exact proportions of materials used for each hydrogel in this study. All items are in ml except for
AM, which is in grams.  4× solvent by weight of monomer AA+AM.  2% by monomer weight. † Each
initiator is added 1% by monomer weight.
Hydrogel Type
17 wt.% PANa
33 wt.% PANa
67 wt.% PANa
83 wt.% PANa

AA
0.5
1
2
2.5

AM
2.5
2
1
0.5

Water
6.2
5.4
3.8
3

NaOH Soln.
0.8
1.6
3.2
4

Crosslinker
4
4
4
4

Init. Soln.†
0.5 each
0.5 each
0.5 each
0.5 each

2.3 Hydrogel Characterization
The manual grinding resulted in irregularly shaped hydrogels, illustrated in Figure 1. A
random sample of crushed polymer was sifted through a series of sieves and the particle
size distribution is shown in Figure 2. A bimodal distribution was observed, with 25% of
particles having a size of 45 µm and 55% of the particles greater than or equal to 150 µm.
Figure 3 is an idealized picture of the chemical structure of the hydrogel. The neutralized acrylic acid and acrylamide form a continuous covalently-bonded backbone, which is
why these substances are sometimes referred to by “PANa-PAM gels,” explicitly indicating
the comonomer structure. The crosslinking agent is chemically similar to acrylamide, and
is able to insert itself into the hydrogel backbone alongside the other two monomers. However, it contains a covalent bond, and this enables it to link together two polymer chains.
These covalent bonds are not broken under normal circumstances, impart an elastic quality
to the hydrogel (similar to that of a common rubber), and prevent the hydrogel from completely dissolving in water. However, if the crosslinking density is too high, the hydrogels
may be entirely prevented from swelling in water. Therefore, a crosslinking density of 2%
by monomer weight was chosen in order to appropriately balance the expansive force of
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Fig. 1 A random sample of dried 33 wt.% PANa imaged with a scanning electron microscope. The polymer
pieces are irregular and jagged, with particle sizes ranging from 10 µm to over 200 µm.
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Fig. 2 Fraction of total weight that was left behind on the respective sieve. Sizes reported are the sieve’s mesh
opening.

hydrogel in water with the restrictive force of the covalent crosslinks. Any carboxyl groups
on the AA that are not neutralized during synthesis deprotonate when the solution pH rises
above approximately 4.3.[39]
Certain researchers have found that hydrogels containing MBAM as crosslinker demonstrate increased swelling ability owing to a thermal degradation when dried above 60◦ C.[22]
To address this concern, hydrogels were prepared and dried at 60◦ C and swelled to equilibrium in RO water. No signifcant difference in swelling ratio was found between hydrogels
that had been dried at 60◦ C and hydrogels that had been dried at 100◦ C. As a further check,
thermogravimetric analysis (TGA) was performed on hydrogels that had been dried at 60◦ C
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and hydrogels that were dried at 100◦ C. The machine used was a TA Instruments Q50 TGA,
air was the sample purge gas, and no weight change was detected below 200◦ C. Both the
TGA and swelling data are available in the supplemental materials for this report. Therefore, it can be concluded with reasonable certainty that our hydrogels are robust enough to
withstand drying temperatures of 100◦ C.

0

o-
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NH2

NH2

(
NH

0

Fig. 3 A detailed view of the deprotonated hydrogel network with a calcium ion electrostatically complexed
to the backbone. The presence of this ion expels chemically bound water from the hydrogel backbone, and
constricts the network, leading to deswelling.

Although the crosslinking density has been set at 2% by weight of monomer, it is useful
to determine what this number means in terms of molecular weights and gel network sizes.
The Flory-Huggins theory[13] can utilize solution properties and equilibrium swelling ratios to calculate the total monomer molecular weight between covalent crosslinks. Unfortunately, for the method to be valid, the hydrogel must not be synthesized in the presence
of a solvent,[27] the molecular weight of the polymer before crosslinking must be known,
and its volume change must be isotropic. None of these conditions were satisfed during our
fabrication method, and optical microscopy investigations determined that isotropy was not
held during swelling. Thus, compression testing with a TA Instruments AR-G2 rheometer
was used an alternate method of determining the molecular weight between crosslinks. Gels
were synthesized, removed from vials, and cut into rectangular prisms. Cross-sectional areas
and lengths were recorded with calipers. The prisms were compressed at a rate of 0.01 mm/s
until fracture, and the compressive force was recorded by the rheometer. Each compression
test was repeated in triplicate to obtain an average and standard deviation. From the compression data, engineering stress and strain were calculated, and the extrapolated slope of
the linear regime indicated the elastic modulus, E. Incompressibility with a Poisson ratio of
0.5 was assumed. Affne deformations were assumed and the presence of molecular entanglements was neglected. Since this polymer gel was in the gelation regime, the molecular
weight between crosslinks, Mc , can be calculated if elastic modulus is known:[30]

Mc =

3kB Pgel T M0
,
Eb3

(1)

where kB is the Boltzmann constant, T is the absolute temperature, M0 is the monomer
molecular weight, b is the monomer length, and Pgel is the gel fraction, which is assumed to
be unity in the case where the gel has entirely reacted and no unreacted molecules remain.
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2.4 Swelling Tests
To obtain swelling ratios, hydrogels were evaluated in RO water, tap water, and several
different salt solutions. The tap water had a total dissolved solids content of approximately
350 ppm, and the full water quality report for West Lafayette, Indiana is listed in the references.[1]
Separate 0.025 M solutions of sodium chloride, calcium nitrate 4-hydrate, and anhydrous
aluminum sulfate were prepared by adding the dry chemical to 200 ml RO water and stirring
until it had dissolved completely. An early-age pore solution was also created by mixing
20 g of Type I ordinary Portland Cement with 200 ml tap water. The cement was stirred for
60 seconds and then covered for an additional 60 seconds to allow the cement to settle. Since
pore solution changes over time, the solution for testing was decanted off from the rest of the
cement in order to capture the swelling behavior in very early age (before the acceleration
period) pore solution only. During testing, the pore solution remained covered to prevent
carbonation. Each swelling test was repeated in triplicate to obtain an average and standard
deviation.
An electronic probe with uncertainty ±0.2 used to obtain pH values for all solutions
produced, and they are as follows: the calcium nitrate solution, RO water, and sodium chloride solution each had a pH of 6.7. Tap water had a pH of 7.3, the aluminum sulfate solution
had a pH of 2.3, and the pore solution had a pH of 12.0.
For each solution prepared, an empty teabag was frst placed into the solution for a few
seconds until it became saturated with solution. The bag was then shaken to remove excess
liquid and weighed to obtain the weight of the wet bag, mbag . The amount 0.2 g (mdry ) of
dry hydrogels was weighed and then placed inside the damp teabag. Equation (2) was used
to calculate the swelling ratio, Q, at 30 seconds, 1, 3, 5, 10, 15, 30, 60, 120, and 240 minutes
after immersion. Excess solution was removed before each weighing by holding the teabag
against the side of the beaker until no more liquid was observed to be leaving the bag, and
then the bag was weighted to obtain mwet . This was found to be signifcantly more effective
at removing unabsorbed solution than patting the bag dry with paper towels.
Q=

mwet − mdry − mbag
.
mdry

(2)

2.5 Mortar Batching
The frst set of mortars used in this study were prepared with a total water-to-cement ratio
of 0.35 and will be referred to as “fxed-water” for the remainder of this paper. Table 3
contains the mixture proportions. In the mortars containing hydrogels, 0.05 of water by
weight of cement was alloted for hydrogel absorption in order to maintain saturated paste
condition.[8] The dosage required (MSAP ) to handle this extra water was determined with a
slightly modifed version of the Bentz Equation:[9]
MSAP =

(C)(CS)(α)
,
φabs φdes

(3)

where the cement C = 666 kg/m3 , chemical shrinkage CS = 0.064, and the degree of hydration α = 0.83. The hydrogels were assumed to deliver 100% of absorbed water to the
cement, so φdes = 1, and φabs was substituted with peak Q obtained from Eq. (2) for the
swelling ratio of the hydrogel exposed to pore solution. The particular hydrogels used for
these mortars were previously synthesized and analyzed separately from this study.
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The fxed-water mortar samples were a preliminary investigation into the effect of these
custom synthesized hydrogels on mortar. Because the dosages of hydrogels were different,
any differences in mortar performance would not be directly attributable to the chemical
structure of the hydrogel. This motivated the creation of a second set of mortar samples
using fxed amounts of hydrogel and water reducer, with a mixing water-to-cement ratio
of 0.30. These samples will be referred to as “fxed-polymer.” Differing amounts of extra
water for internal curing were added based on individual hydrogel equilibrium (i.e. long
time) swelling ratio in pore solution (see Figure 6). In this way, it was intended to have the
amount of curing water delivered refect the chemical properties of the hydrogel used in the
mortar. Mixture proportions for this set of mortar samples are listed in Table 4. The mixing
procedure used for both sets of mortar samples followed ASTM-C305.[4]

Table 3 Mixture proportions for one cubic meter of “fxed-water mortar.” Total water-to-cement ratios for
all batches were fxed at 0.35, with 0.05 by weight of cement denoted separately for mortars containing
hydrogels. Material amounts are in kilograms. The water reducer is percent by weight of cement.
Type
Control
17 wt.% PANa
67 wt.% PANa

Cement
666
666
666

Water
235.5
200+35.5
200+35.5

w/c
0.35
0.35
0.35

Sand
1440
1440
1440

Hydrogels
0
3.09
2.22

Q
–
11.4
15.9

WRA
0.7
0.7
0.7

Table 4 Mixture proportions for one cubic meter of “fxed-polymer” mortar with hydrogel curing water
denoted separately from mixing water. Material amounts are in kilograms. Hydrogel dosages were fxed at
0.2% weight of cement. WRA is percent by weight of cement.
Type
Control
17 wt.% PANa
33 wt.% PANa
67 wt.% PANa
83 wt.% PANa

Cement
666
666
666
666
666

Water
200
200+29.3
200+22.6
200+13.3
200+6.6

w/c
0.30
0.34
0.33
0.32
0.31

Sand
1440
1440
1440
1440
1440

Hydrogels
0
1.33
1.33
1.33
1.33

Q
–
22
18.2
11.7
4.3

WRA
0.7
0.7
0.7
0.7
0.7

2.6 Relative Humidity
Relative humidity was measured in accordance with ASTM-E104.[5] Mortar was cast into
sealed plastic containers supplied by Rotronic AG and kept in an environmentally controlled
chamber at (23.5 ± 0.5)◦ C and (50 ± 1)% relative humidity. After 24 hours, each container
was opened briefy to insert a Maxim iButtonr sensor (resolution ±0.6% RH, uncertainty
±3% RH). The containers were then closed, re-sealed, weighed, and then placed back in the
environmentally controlled chamber for 8 days. Each container was weighed upon completion of the test and no mass loss was observed.

2.7 Autogenous Shrinkage
To measure autogenous shrinkage, the corrugated tube method was used in accordance with
ASTM-C1698.[6] The procedure was modifed so that testing began immediately after cast-
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ing in order to capture total volume change. The tubes were placed in the same environmentally controlled chamber as the relative humidity samples for seven days. Electronic probes
measured length change from both ends of each sample tube at a rate of one scan every
fve minutes. Tubes were weighed before and after testing, and mass loss was found to be
negligible (< 0.1%). From isothermal calorimetry experiments, the control mortars were determined to have a time of fnal set of 15 hours, and the mortars containing hydrogels were
determined to have a time of fnal set of 15.9 hours. The data for the isothermal calorimetry
experiments has been provided in the supplemental materials document, Figure S2. Linear
autogenous strain, ε, was calculated with the following formula:
ε=

Δ L(t) − Δ L(12)
× 106 ,
0.382 + Δ L(12)

(4)

where Δ L(t) is the length of the tube at time t and Δ L(12) is the length of the tube at 12
hours.

3 Results and Discussion
3.1 Hydrogel Characterization
For brevity, these hydrogels will be referred to by the weight percent of their frst component
only. For example, 17 wt.%PANa-83 wt.%PAM will be shortened to 17%PANa. Table 5 lists
the molecular weights between chemical crosslinks and elastic moduli for all types of hydrogels as calculated with Eq. 1. Molecular weights fall well within reported values for molecular weight between crosslinks, which can range from 14500 g/mol[18] to 198000 g/mol.[12]
Results indicate that taking a percolation theory approach to hydrogel characterization is
most appropriate given our synthesis circumstances.

Table 5 Molecular weight between crosslinks and elastic moduli of the hydrogels used in this study obtained
from compression testing.
Hydrogel Type
17 wt.% PANa
33 wt.% PANa
67 wt.% PANa
83 wt.% PANa

E (N/m2 )
149000 ± 12000
102000 ± 7000
111000 ± 8000
103000 ± 1000

Mc (g/mol)
55000 ± 5000
80000 ± 5000
73000 ± 5000
79000 ± 1000

Results from compression testing indicated that using equal amounts of crosslinker for
all hydrogels did not result in equivalent molecular weights between crosslinks; there is a
dependence on chemical composition of the hydrogel. Table 5 shows that as weight percent of AA increased, elastic modulus decreased and a corresponding increase in molecular
weight between crosslinks was calculated. These changes were only signifcant between
17%PANa and the other compositions. It is not possible to perform mechanical experiments
on the irregularly shaped particles shown in Figure 1, so the macroscale hydrogel cylinders
(5 cm height and 2 cm diameter) must be cut into prisms and deformed. The polymerization
method empolyed may increase the probability of heterogeneities occurring inside the gel,
and macroscale deformations are sensitive to regions of high and low polymer concentration
inside the gel.
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As an alternate explanation, researchers have shown that pure polyacrylamide gels with
MBAM as crosslinker displayed signifcant microscopic aggregation, and thus the network
was not a truly random collection of polymer strands but rather a cellular, sponge-like
morphology.[28, 32] The molecular weights in Table 5 also indicated that the average distance between crosslinks is on the order of 25 nm. Since hydrated cations are on the order of
0.5 nm,[35] current hydrogel crosslinking density does not impede cation diffusion. Theoretically, a much higher crosslinking density could prevent cations from entering the hydrogel,
but this would also severely reduce the maximum water absorption. In the future, we can
perform a more careful hydrogel synthesis, such as suspension polymerization, to obtain a
more uniform hydrogel network.

3.2 Swelling Tests
Swelling test results for all hydrogels in all solutions are presented in Figures 4 and 5, respectively. When the results of our swelling study are compared with previous results,[40]
the hydrogels had equivalent swelling ratios. In the case of RO water, all four of the hydrogels in this study had a higher swelling ratio. It is possible that lower quality RO water was
used in the previous study, which would explain poorer hydrogel performance. Consistent
with previous results, increasing the amount of AA generally increases the hydrogel’s maximum swelling capacity in pure water. Unfortunately, with increasing AA, the hydrogel is
more reactive with cations that are present in the water. Cations electrostatically bond to the
anionic sites on the hydrogel backbone (see Figure 3), and in the case of divalent and trivalent cations, can complex with several sites. Ionic complexes cause deswelling by expelling
water that is chemically bound to the hydrogel backbone and constricting the network. AM
is not affected by the presence of cations because it has no anionic sites under these pH
conditions. As reported before, adding cations to the solution and increasing cation valency
both decreased maximum swelling ratio. Deswelling was not present for any hydrogel in the
sodium chloride solution.
All four hydrogels deswelled in the presence of tap water and had signifcantly reduced
swelling ratios compared to RO water. The exact chemical composition of the tap water
could not be obtained easily. However, since it is known that these hydrogels are highly
sensitive to the presence of cations, a reasonable explanation is that the cations constituting
water hardness (calcium, magnesium)[2] in addition to the sodium present were the source
of the deswelling and reduced Q values.[1]
Swelling kinetics varied with hydrogel chemical composition. For the 17%PANa and
33%PANa, the swelling over time was fairly constant. For the 83%PANa however, a peak
swelling ratio is indicated at approximately fve minutes after frst being immersed in solution, after which the hydrogel deswelled for solutions containing multivalent ions, including
tap water. The 83%PANa hydrogel showed total release of all absorbed fuid at four hours
for the solution containing calcium nitrate. The 67%PANa had a comparable deswelling
magnitude to 83%PANa in tap water, but did not deswell as much for the other multivalent
solutions.
Pore solution swelling test results have been isolated in Figure 6. The 33%PANa and
17%PANa hydrogels performed identically within uncertainties, and the linear profles indicate no signifcant deswelling. The 83%PANa displayed continuous desorption of pore
solution from fve minutes up to the end of the test. The parabolic behavior of 83%PANa
was not visible for the other three hydrogels within our experimental limits. The 17%PANa
and 33%PANa hydrogels had constant swelling ratios within uncertainties for the entire du-
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ration of the test. The 67%PANa hydrogel appeared to reach maximum swelling ratio at
the very beginning of the test, and deswell until one hour, at which point the swelling ratio
remained constant.
100
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Fig. 4 Swelling ratios for 17 wt.%PANa hydrogels (left) and 33 wt.%PANa hydrogels (right) on a logarithmic
time scale.
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Fig. 5 Swelling ratios for 67 wt.%PANa hydrogels (left) and 83 wt.%PANa hydrogels (right) on a logarithmic
time scale.

The noticeable difference in swelling kinetics between hydrogels, which is especially
noticeable in Figure 6, is likely a refection of the hydrogel chemical compositions. At high
weight percents of AM (Figure 4), the swelling behavior of AM dominates, resulting in
fairly constant swelling ratios over time. At high weight percents of AA (Figure 5), a more
parabolic swelling behavior over time is observed.
An important difference between swelling tests and realistic mortar mixtures is that the
pore solutions used for the swelling tests were essentially infnite reservoirs of water and
ions. In low water-to-cement ratio mortars, this is not the case. The hydrogels and mortar
are competing for a very limited supply of water, so the absorption and desorption kinetics
may take place more slowly than those illustrated in Figure 6. In other words, it may take
longer than fve minutes for 83%PANa hydrogel deswelling to occur in a real life situation.
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Fig. 6 Swelling ratios for all types of hydrogels in pore solution on a logarithmic time scale.

The swelling of polyelectrolyte hydrogels has been shown to be dependent on pH, with
degree of swelling increasing as pH increases. This behavior is a function of the COOH
groups on the AA monomers. As pH increases above the pKa of AA,[39] a greater percentage of COOH groups deprotonate, and the exposed negative charges along the polymer backbone repel each other and attract additional water molecules, leading to increased
swelling.[26,27] The pore solution had a pH of 12.0 ± 0.2, which would cause major, if not
complete deprotonation of all AA within the hydrogel. The rapid swelling of the 83%PANa
hydrogel shown in Figure 6 may be indicative of the signifcant effect of pH on swelling.
This would allow for the maximum amount of water to bind to the AA, leading to a high
swelling ratio. Unfortunately, it would also create many sites to which cations can bind,
causing deswelling. Results in Figure 6 strongly suggest that despite the high pH of pore
solution, the deswelling imparted by cations signifcantly offsets any advantages offered by
solution alkalinity.
The other solutions used in this study had a pH well above the pKa of AA, which is
4.25.[39] However, purely ionic effects of the trivalent cations may have been partially obscured by pH effects in the case of aluminum sulfate, where the pH was observed to fall to
2.3 ± 0.2. This is below the pKa of AA and may suggest that re-protonation of AA occurred,
which would have reduced the amount of anionic sites available for binding to aluminum
cations. This may be why 83%PANa had a higher swelling ratio at very long times in the
aluminum solution than in the calcium solution. Another explanation is that the formation
of an ionic shell may have occurred, which would have prevented water from diffusing into
(or out of) the hydrogel. A trivalent cation that does not change solution pH would need to
be used in order to understand its ionic effects alone on the hydrogels.

3.3 Relative Humidity
Results from the relative humidity test clearly show that mortars containing 17%PANa and
67%PANa hydrogels remained more saturated relative to the control mortar at the beginning of the test. The relative humidity tests began 12 hours after mixing the mortar, and the
control mortar had already fallen to 95% RH at the start of the test. Desiccation continued
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for the entire test, with a fnal relative humidity of approximately 87% for the control mortar. The sensors cannot differentiate between water contained in hydrogels and water within
the capillary/gel pores, so relative humidity testing alone cannot provide defnitive insight
into hydrogel performance. However, it can be concluded that mortar containing hydrogels
was able to maintain a higher relative humidity and therefore had a higher degree of saturation than the control mortar. Results are shown in Figure S3 of the supplemental materials
document.
It was observed that the mortars containing hydrogels did not deviate from 100% relative
humidity after the beginning of the tests, and this could indicate that condensation occurred
on the probes preventing an accurate reading. Alternately, it could suggest that the actual
change in relative humidity was within the uncertainty of the probes. Identical data has
been reported in past experiments with probes manufactured by a different company. The
absence of condensation during the control tests suggests that the mortars with hydrogels
had considerably more free water at the very beginning of the test, which began 24 hours
after mixing the mortar. It may require starting the test several days after mixing the hydrogel
mortars in order to avoid condensation and show defnitively a long-term deviation between
control mortar and hydrogel mortar relative humidity.

3.4 Autogenous Shrinkage
Figure 7 contains seven-day autogenous shrinkage results for fxed-water mortars. Both mortars with hydrogels had less strain at all times in contrast to the control mortar, which experienced a negative strain throughout the test. Furthermore, the slope of the control mortar line remains negative throughout the test, indicating that the sample was continually
self-desiccating. The mortar containing 67%PANa kept autogenous shrinkage at 0 µm/m,
within uncertainty, for the entire seven day experiment. The mortar containing 17%PANa
demonstrated an expansive strain of 25 µm/m at approximately 10 hours after fnal set, and
maintained this level until the conclusion of the test. The slopes of the lines for the mortars
containing hydrogels were either zero or slightly positive during the test, suggesting that
the hydrogels were able to supply suffcient amounts of water to refll capillary voids and
effectively offset shrinkage.
The seven-day autogenous shrinkage results for fxed-polymer mortars are shown in
Figure 8. Again, the control mortar had negative autogenous strain for the entire duration of
the test, and the negative slope of the line indicates that self-desiccation was continuous. On
the other hand, all mortars containing hydrogels demonstrated considerably less strain at all
times, although no expansive strain was ever observed in these tests. Similar to results shown
in Figures 4, 5, and 6, there appear to be two regimes into which the hydrogels separate once
approximately 40 hours after fnal set. The 67%PANa and 83%PANa hydrogels maintain a
strain above −25 µm/m while the 17%PANa and 33%PANa hydrogels have a slightly more
negative slope, and show increased strains of approximately −80 µm/m. This may be related
to the behavior of the hydrogels shown in Figure 6, whereby the 17%PANa and 33%PANa
hydrogels retained the absorbed pore solution and the 67%PANa and 83%PANa hydrogels
released the absorbed pore solution after only a short time.
The autogenous shrinkage data in Figures 7 and 8 clearly indicate that using any hydrogels in low water-to-cement ratio mortar will result in internal curing and reduce strain
compared to mortar without any hydrogels, which is consistent with the fndings of other research groups.[7,16,21,23,31,37] Also consistent with other researchers is the varied performances of different hydrogels, with some experiencing and maintaining an expansive
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strain during the test, while others just signifcantly reduced overall strain.[20,34] One interesting observation is that the strains for the control mortars in both Figures 7 and 8 are the
same despite the difference in water-to-cement ratio. This could be a result of the differing
dosages of WRA. Future research could normalize the dosage of WRA between batches to
account for any possible differences in shrinkage behavior it may impart.
Each autogenous shrinkage test is conducted with three individual tubes, and the tube-totube uncertainty is always relatively small compared to the overall magnitude of the strain.
However, the uncertainty between separate tests is often signifcantly larger, as the testing
apparatus has been found to be quite sensitive to the way the tubes are packed with mortar
and placed in between the length sensors. However, from repeated tests it is a reasonable
conclusion that 83%PANa, 17%PANa, and 33%PANa mortars are performing differently,
with the hydrogel containing more AA mitigating shrinkage better. Unfortunately, the large
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uncertainty prevents a defnitive understanding of the performance of 67%PANa mortar. The
full batch-to-batch autogenous shrinkage results are provided in the supplemental document,
in Figure S4.
In Figure 8, the slopes of the mortars containing hydrogels are not quite parallel to
the control mortar, even near the end of the test, which suggests that the hydrogels were
still providing a very slight amount of water to the cement. Although the differences in
performance of the fxed-water 17%PANa and 67%PANa mortars in Figure 7 could simply
be due to different hydrogel dosages, comparing the results with the fxed-polymer mortars
in Figure 8 may suggest that hydrogels are extremely sensitive to the total water content,
because the 17%PANa did not show an expansive strain within uncertainty when less water
was provided. On the other hand, the 67%PANa mortars in both cases performed equally,
within uncertainties. Strain data at 150 hours for all mortars tested was compiled into Table
6.
Table 6 All data were obtained at 150 hours after fnal set, and are given in µm/m.
Mortar
Control
17%PANa
33%PANa
67%PANa
83%PANa

Strain - FW
−186 ± 7
17 ± 5
−13 ± 1
1±3
−69 ± 20

Strain - FP
−285 ± 13
−88 ± 8
−88 ± 8
−30 ± 36
−30 ± 4

At this time, the exact origin of the expansive strains shown in Figure 7 is not precisely
known. The expansion could be related to a change in the hydration reaction and phases
formed due to some other chemical interaction with the hydrogels, as this has been reported
for other polymeric admixtures.[29] Alternately, it could be the macroscopic effect of water
reflling and permeating the pore structure due to the sealed nature of this test.[38] Additionally, it may be debatable whether or not this expansion is desirable in a real application.
Excess strain in either direction could cause cracking if the concrete is restrained.
Implicit in this discussion is the issue of microstructure permeability. In general, it will
decrease as the concrete hydrates and the pore network will become more disconnected and
tortuous.[24] If the hydrogels tend to retain their absorbed pore solution for very long times,
the microstructure surrounding the hydrogel particles may be of too low a permeability
for the fuid to have a signifcant effect on the bulk of the mortar during curing, which
may be indicated in Figure 8 with the performance of 17%PANa and 33%PANa mortar.
The mechanism of fuid release for those hydrogels may have been dominated by osmotic
pressure, which only developed in suffcient amounts after the overall capillary porosity
decreased. This would have prevented the fuid from traveling far from the hydrogel particles
and interacting with as much unhydrated cement as possible.
On the other hand, if the hydrogels are able to begin releasing their absorbed fuid during
initial set (about 3 to 4 hours after water is added), microstructure permeability is high,[24]
and the water may be able to penetrate to the bulk of the mortar, where it can refll more
emptying voids, prevent autogenous shrinkage, and still aid during curing. This may be
seen in Figure 8 through the performance of the 67%PANa and 83%PANa mortars. Furthermore, these results suggest that the removal of water from hydrogels is not only dependent
on capillary action as voids surrounding the hydrogels empty due to cement hydration, but
also dependent on ion concentration within the pore fuid. In fact, Figure 6 implies hydrogel deswelling due to ions may take place before signifcant Laplace pressure is created
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in voids, and this chemically induced osmotic pressure release may be more benefcial to
mortar than a hydrogel that retains its absorbed water. As mentioned previously, the pore
solution swelling test was essentially an infnite reservoir of ions and water relative to the
hydrogels. In an actual mixing situation, the cement particles, aggregates, and hydrogels are
all trying to react with, absorb, and adsorb a limited amount of water. This may delay the diffusion of ions into hydrogels and thus lengthen the time to equilibrate and begin deswelling.
These results can explain recent research that showed hydrogels releasing their retained
pore solution even in mortars with water-to-cement ratios that were not demonstrating any
self-desiccation.[33]

4 Conclusions
The question to answer is whether a hydrogel that demonstrates a fast release of absorbed
pore solution is better for internal curing, as opposed to one that retains for long times its
absorbed pore solution. The concrete microstructure must be suffciently permeable to allow
any retained water within the hydrogel to refll as many voids as possible and aid in hydration, without increasing capillary porosity. Preventing autogenous shrinkage is highly desirable for a sustainable and durable concrete, but creating a concrete that undergoes signifcant
autogenous expansion may also be undesirable. From these criteria and our results, it can
be concluded that 83%PANa, which demonstrates a relatively fast release of absorbed pore
solution due to ionic interactions with the pore solution, is the best type of hydrogel to use
for internal curing when a low water content and low hydrogel dosage is desired. No earlyage expansion was observed and yet the autogenous shrinkage remained above −25 µm/m
at seven days after mixing the mortar. Furthermore, the results have indeed shown that the
chemical composition of the hydrogel has signifcant impacts on mortar shrinkage; the mortars containing 17%PANa and 33%PANa hydrogels had more total water but suffered from
more strain. The two different mortar types tested suggest that hydrogel performance is also
highly sensitive to total water content. Our results suggest that the release of absorbed pore
solution in the 67%PANa and 83%PANa mortars was motivated primarily by osmotic pressure due to ion exchange between the pore solution and hydrogel, and this took place before
the capillary porosity had depercolated, which allowed water to permeate the bulk of the
mortar and reduce self-desiccation and autogenous shrinkage.
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